IrO 2 /Ti-supported -MnO 2 -type Mn-Mo-W triple oxide anodes were prepared by anodic deposition in MnSO 4 -Na 2 MoO 4 -Na 2 WO 4 -H 2 SO 4 solutions. The performance of anodes for oxygen evolution reaction during electrolysis of 0.5 kmol m À3 NaCl solution was examined at 1000 Am À2 . The stability, kinetics and physicochemical properties of the oxide deposit anodes were characterized by iR-corrected galvanostatic polarization, gravimetric, X-ray photoelectron spectroscopy and X-ray diffraction techniques. The addition of tungsten to the Mn-Mo oxide enhanced the oxygen evolution efficiency of anodes. electrolyte of pH 0 showed the best performance among anodes prepared in this work. The high performance was attributed to the formation of single phase triple oxide with optimum composition, thickness and defect concentration. Tungsten addition beneficially exerts its effect via increasing the electrical conductivity of oxide deposits. The deposition mechanism of the oxides was discussed in terms of stability and population of Mn 3þ species at the anode/electrolyte interface.
Introduction
Increasing concern with renewable energy and global warming has recently stimulated research to develop new technologies for supplying of abundant clean energy. In this regards, we are proposing global carbon dioxide recycling. 1, 2) Key materials necessary for this process are the anode and cathode for seawater electrolysis and the catalyst for CO 2 conversion into CH 4 . We have been creating these key materials.
It is known that the anodes coated with layer of RuO 2 and TiO 2 , based on the knowledge from Dimensionally Stable Anode (DSA) technology is widely used for chlorine production in chlor-alkali industry. The anodes coated with layer of IrO 2 and Ta 2 O 5 are commercially used for oxygen evolution reaction from acidic media in electroflotation and metal electrowining processes. [3] [4] [5] These anodes have been used for seawater electrolysis to form chlorine, and chlorine is then converted to sodium hypochlorite by the reaction with sodium hydroxide formed on the cathode. This system has been used for prevention of settlement of marine life in cooling seawater system of power station and for prevention of artificial migration of marine life through ballast water of tanker. By contrast, the production of hydrogen for enormous energy supply by seawater electrolysis should avoid the formation of enormous amount of chlorine and sodium hydroxide. Therefore, there is a need for highly active and durable anode materials producing only oxygen without chlorine in seawater electrolysis.
Recently many types of manganese oxide-based anodes were created by Hashimoto and his co-workers which selectively evolve oxygen with high efficiency from chloride solutions. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] These anodes were prepared by thermal decomposition and anodic deposition methods, where the latter method is more effective in producing durable materials for oxygen evolution reaction during seawater electrolysis.
Among various oxide anodes examined so far, electrodeposited -MnO 2 -type Mn-Mo and Mn-W double oxide anodes preferentially evolved oxygen at high efficiency, although molybdenum and tungsten themselves do not form oxides with sufficiently high activity for oxygen evolution reaction. [10] [11] [12] [13] The addition of molybdenum was found more beneficial than tungsten from view points of both stability and oxygen evolution efficiency. 16) Further research resulted in finding that formation of triple oxide by the addition of tungsten to Mn-Mo oxide improved its performance during electrolysis of alkaline and acidic NaCl solutions. [14] [15] [16] The present work is undertaken to clarify the effects of composition of deposition electrolytes, such as concentrations of Mn 2þ , Mo 6þ and W 6þ in addition to pH on the performance of the Mn-Mo-W oxide anodes in seawater electrolysis. Particular attention is given to elucidate the roles of these parameters on the electrical conductivity of deposits, deposition process, surface properties, kinetics and electrocatalytic activity of Mn-Mo-W oxide anodes.
Experimental Details

Preparation of IrO 2 /Ti substrate
Punched titanium substrate mesh of 100 Â 50 Â 1 mm in dimension was polished in 0.5 kmol m À3 HF solution for 5 min and then subjected for surface roughening by etching in 11.5 kmol m À3 H 2 SO 4 solution at 80 C until hydrogen evolution was ceased. Pretreated Ti substrate was coated with IrO 2 by calcination of 0.52 kmol m À3 chloroiridic acid butanol solution brushed on the substrate. This layer has the merits of a very low electrical resistance, low consumption rate and more importantly minimizing the rate of insulating titanium oxide formation between electro-catalytically active MnO 2 -type oxides and Ti substrate during seawater electrolysis at high current densities for a long time. More details about IrO 2 /Ti preparation have been given elsewhere. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The IrO 2 /Ti samples were then cut into pieces of 1 Â 16 Â 7:5 mm for anodic deposition. The real surface area of the punched titanium anode was 75% of the apparent surface area and hence was 1.8 cm 2 . 
Anodic deposition
À3
NaCl solution of pH 8.7. The oxygen evolution efficiency was measured by a previously established methodology 16) and estimated by the difference between the total charge passed during electrolysis, that is, 300 coulombs, and the charge of available chlorine formed during electrolysis using iodometric titration. The term of available chlorine includes free chlorine, hypochlorite and other oxidants if they were formed on the anode. This methodology allows the detection of available chlorine in a high accuracy and avoids the reduction of chlorine, hypochlorite and other oxidants on the cathode used for the measurement. The stability of the anodes was also evaluated from the loss in mass during electrolysis.
All electrochemical measurements were performed using a two-compartment electrochemical cell with a platinum foil as auxiliary electrode and Ag/AgCl/KCl (saturated) as a reference electrode. A Luggin capillary, whose tip was about 1 mm from the surface of working electrode during galvanostatic polarization measurements, was used to minimize errors due to iR drop in the electrolyte.
Polarization curves were measured in the galvanostatic mode, from low to high current densities, with about ten measurements within each decade. Each measurement lasted for 1 min. Correction for iR drop was made with a currentinterruption technique, where potential relaxation transients were sampled on the oscilloscope and the later mathematically processed to evaluate the iR-free potentials. During last seconds of polarization the current was repeatedly interrupted for 0.12 s.
Physicochemical characterization of electrodes
The structure of freshly prepared deposits was identified by Rigaku X-ray diffraction using Cu K radiation by -2 mode at the glancing angle of 10 . The grain size of deposits was estimated, if possible, from full width at half maximum of the most intense diffraction line using Sherrer's equation. 17) Composition of the deposits was analyzed by electron probe micro analyzer (EPMA) Shimaduz EPMA-C1.
X-ray photoelectron spectroscopy (XPS) by means of a Shimaduz ESCA 850 photoelectron spectrometer with Mg K (h ¼ 1253:6 eV) excitation was employed for analyzing the surface of the oxides. The binding energies of the photoelectrons were calibrated by the method described elsewhere. 18, 19) Thickness of the deposits was estimated from the mass difference before and after deposition. Although the deposits were not heterogeneous mixture of oxides but homogenous triple oxide as mentioned later, it was impossible to obtain the densities of the triple oxides with various compositions, and hence for the thickness estimation the formation of heterogeneous mixture of MnO 2 , MoO 3 and WO 3 with the densities of 5.026, 4.692 and 7.16 Mgm À3 , respectively was assumed. The current efficiency of manganese deposition was estimated from mass gain and composition of the oxide deposits.
After removal of physically adsorbed water by heating at 120 C for 3 h, the quantity of structural water in the oxide lattice was estimated from the mass loss before and after annealing at 650 C for 7 h. In general, structure water (OH À ), that replaces O 2À in the lattice of MnO 2 , is associated with the introduction of foreign cations including Mn 3þ ion and vacancies into the Mn 4þ sub lattice. 20) Thus, the quantity of OH À ions can be considered as a useful probe in determining the degree of defectiveness of oxide. Figure 1 presents the change in the oxygen evolution efficiency with the time of electrolysis for deposits prepared in 0. 2 sustains the best durability for oxygen evolution efficiency. Figure 4 shows the change in oxygen evolution efficiency of electrode prepared in 0. 2 À was observed during electrolysis except for the MnO 2 anode without addition of other cations. The surface observation after electrolysis revealed that, when significant mass loss was detected, the oxide layers were prone to directly detach from the IrO 2 /Ti substrate, which actively evolves chlorine. As seen in Fig. 5 of sufficient amount of molybdenum in the oxide anode is essential for the durability of the anode. The most detrimental factor responsible for higher mass loss, that is, shorter lifetime is the formation of thick deposits due to high current efficiency for anodic deposition. This will be discussed later. In order to gain knowledge about kinetics of the anodes, iR-corrected polarization curves were galvanostatically measured. Typical iR-corrected polarization curves for MnO 2 , Mn-Mo oxide and Mn-Mo-W oxide electrodes in 0.5 kmol m À3 NaCl solution are given in Fig. 6 . Anodic dissolution affects the slope of the polarization curve of the MnO 2 anode. Although pH on the anode immediately decreases at high current densities, the formation of MnO 4 À seems responsible for dissolution of MnO 2 in the neutral solution at low current densities. The addition of molybdenum prevents dissolution in the form of MnO 4 À and hence the polarization curves of anodes containing molybdenum exhibit a clear Tafel relation for gas evolution, although those tend to deviate from the straight lines at higher current densities.
Results
Electrode performance
About 10% of amount of charge passed on the MnO 2 anode at the current density of 1000 Am À2 was consumed for chlorine evolution.
11) The anodes that induce chlorine evolution in addition to oxygen evolution generally show lower overpotential than the anodes with the 100% oxygen evolution. The Mn-Mo and Mn-Mo-W oxide anodes evolve only oxygen without chlorine, and their polarization curves are for 100% oxygen evolution. It is noteworthy that the MnMo-W oxide anode shows lower polarization potentials for oxygen evolution than Mn-Mo oxide anode. . The lowering potential with the addition of W 6þ to the deposition electrolyte and with the change in concentrations of Mo 6þ in the deposition electrolyte is due mostly to the change in the electrical conductivity of oxide deposits and will be discussed later.
On the other hand, although the anode potentials at 1000 Am À2 (typical current of electrolysis) were higher than the equilibrium potential of Mn solution was noticed during the electrolysis except for the MnO 2 anode without containing other cations. 21, 22) This fact clearly indicates that the formation of both binary and ternary oxide deposits prevents oxidative dissolution of manganese species.
Phyiscochemical characterization
In general, the popularity of electrodeposited manganese dioxide in several electrochemical applications is mostly related to its physicochemical properties, which are significantly affected by the route and current efficiency of manganese deposition. 23) For a better understanding of anode performance and deposition mechanism the physicochemical properties of oxide deposits were examined. Figures 8 and 9 show typical X-ray diffraction patterns of Mn-Mo-W oxide deposits prepared in 0. 2 On the other hand, the reflections of Ti substrate are detected for the anodes prepared in the deposition electrolyte of pH À0:1 and in the electrolyte with higher concentration of Mo 6þ such as 0.006 kmol m À3 . This corresponds to the insufficient coverage of the deposit to IrO 2 substrate with high activity for chlorine evolution, because of lower deposition efficiency at pH À0:1 and with higher concentration of Mo 6þ . Thus the oxygen evolution efficiency for these anodes was insufficient as shown in Figs. 2 and 4 , irrespective of their stability and electrochemical activities.
To gain information about the chemical state of the deposit components, XPS analysis was performed. Figure 10 presents the Mn 2p 3=2 spectra for as prepared MnO 2 , Mn-Mo oxide and Mn-Mo-W oxide deposits. The peak binding energy (BE) values of Mn 2p 3=2 spectra are within 641.5-642.1 eV. According to literature reports, [24] [25] [26] [27] cations with sufficient coverage to the IrO 2 substrate seems to be responsible for high oxygen evolution efficiency and high activity of the deposits during seawater electrolysis. Table 1 summarizes changes in composition, current efficiency of manganese deposition, thickness, grain size for oxide deposits and mass% of structural water with change in concentration and pH of the deposition electrolytes. Parameters for MnO 2 deposit are also included in Table 1 . The increase in concentrations of Mn 2þ and W 6þ of the deposition electrolyte gives rise to increases in tungsten and manganese contents of deposits and a decrease in molybdenum content, along with increases in the current efficiency of manganese deposition, deposit thickness, grain size and mass% of OH À ion. Reverse trend occurs with the increase in concentration of Mo 6þ of deposition electrolyte, in an indication that both molybdate and tungstate anions retard co-deposition of each other during deposition process. Deposition in electrolyte of lower pH significantly reduces the deposition efficiency with the formation of thin oxide deposits of lower structural water content, in an indication to the high structural stability of oxide deposits. In general the high current efficiency such as in solutions with high concentrations of Mn 2þ and W 6þ results in coarse-grained thick deposits which are apt to detach from the substrate showing the shorter lifetime.
Discussion
Although anodically deposited MnO 2 has high activity for oxygen evolution, about 10% of electricity passed is consumed for chlorine evolution, and the MnO 2 deposit suffers oxidative dissolution of manganese in the form of MnO 4 À during anodic polarization for oxygen evolution. Formation of double or triple oxide by addition of molybdenum and/or tungsten is necessary for the 100% oxygen evolution without chlorine evolution, for prevention of oxidative dissolution of manganese and for elongation of lifetime of anodes for oxygen evolution, although there are optimum concentrations of molybdenum and/or tungsten in the double and triple oxide.
Figures 6 and 7 exhibit the decrease in the polarization potentials with the addition of tungsten but the increase in the polarization potentials with an excess increase in molybdenum content. If the electrical resistance of oxide deposit, r, is not negligible, the polarization potential is higher than that of the anode with negligible resistance by
where EðrÞ i is based on the resistance of oxide, r, at the current density, i. The polarization potential observed is the sum of the overpotential for the electrochemical reaction, E reaction and EðrÞ.
If the inverse reaction can be disregarded the relation between the current density and the overpotential for oxygen evolution is 
where i 0 is the current density at E reaction ¼ 0 volt and includes the terms of the activity of the electro-catalyst for oxygen evolution reaction and the activities of reactants such as oxygen species depending upon the mechanism of the oxygen evolution reaction. b is Tafel slope,
which changes with the mechanism of oxygen evolution reaction. If the mechanism of oxygen evolution reaction is not different with the anodes examined, b and other terms than the activity of the electro-catalyst in i 0 will be the same for all anodes, and the difference in potentials, ÁE i , observed between two anodes at individual current density, i, will be
where i 0A and i 0B are the current densities for anodes A and B at E reaction ¼ 0 volt, and r A and r B are the electrical resistances of oxide anodes A and B. Thus, the ÁE À i relation should be a straight line, the gradient of which is (r A À r B ). If the activities of electrocatalysts examined are not largely different
Consequently, if the mechanism of the oxygen evolution reaction is the same for all anodes examined and if the activities of anodes examined are not largely different,
and the straight line of ÁE i À i will begin from the origin of the ÁE À i coordinate. Figure 11 shows the i À ÁE relation obtained from Figs. 6 and 7. The linear relation starting from the origin of the i À ÁE coordinate is clearly seen, suggesting that the potential difference is resulted from the difference in the electrical resistance between two anodes, and there is no clear difference in the activities of the anodes for oxygen evolution reaction. The open squares in Fig. 11 reveal the effect of tungsten addition on the decrease in the electrical resistance of oxide deposits. As can be seen in Table 1 , the deposits formed from 0.2 kmol m À3 Mn 2þ -0.003 kmol m À3 Mo 6þ with and without 0.006 kmol m À3 W 6þ have almost the same thicknesses of about 16 mm, and the addition of tungsten definitely decreases the resistance of the oxide deposit, indicating that the tungsten addition increases the specific conductivity of the oxide.
The effect of the increase in molybdenum content is complicated. The change in the composition of deposition solution affects dually the electrical resistance, due to change in the specific resistance of the oxide by inclusion of extra cations and to change in the total resistance of the oxide by changing the thickness of the deposited oxide as a result of the change in the current efficiency of deposition. It can be seen from Table 1 and Fig. 11 that, even if W 6þ , the decrease in molybdenum content definitely decreases the electrical resistance of oxide due to decrease in the specific resistance by decrease in molybdenum content. By contrast, the decrease in concentration of molybdenum in the deposition electrolyte from 0.003 kmol m À3 to 0.001 kmol m À3 enhanced significantly the current efficiency of deposition, leading to the formation of thick deposit of about 36 mm and hence the resultant electrical resistance became higher in spite of the decrease in the specific resistance.
Consequently, although the addition of both molybdenum and tungsten to -MnO 2 -type oxide is effective in enhancing the oxygen evolution efficiency and in preventing oxidative dissolution of manganese from the oxide, the tungsten addition increases the specific conductivity of oxide while the molybdenum addition decreases the specific conductivity of oxide. In this manner, the potential based on the resistance of oxide is included in the measured potential of polarization curves shown in Figs. 6 and 7 in addition to the overpotential of the reaction, and is responsible for the deviation from the linearity at high current densities in the log i À E plots. The decrease in electrical resistance of oxide is particularly important in decreasing the energy consumption in seawater electrolysis for hydrogen production.
If the composition of deposit is suitable for the durable anode, besides the electrical conductivity, the optimum thickness of the deposits is important. If the molybdenum content of deposition electrolyte is too low, such as 0.001 kmol m À3 Mo 6þ , because of high current efficiency for deposition, the resultant deposits are very thick and easily detached by violent oxygen evolution, and a further increase in deposition efficiency by tungsten addition accelerates degradation of the anodes as can be seen in Fig. 5 . Similarly the excess addition of tungsten is detrimental as can be seen in Fig. 1 , because of the formation of unnecessarily thick deposits. Electrodeposition of manganese dioxide from acidic aqueous solution is believed to be affected essentially by the following successive steps. 23, 28, 29) Mn sol 2þ ! Mn ads
Then the general mechanism for manganese dioxide formation involves either solid state route,
or disproportionation route
The newly formed Mn 2þ in reaction (11) returns to the solution leaving a cation vacancy at the surface. In accordance with reactions (9)- (11), the fraction of Mn 3þ in the -MnO 2 structure will be determined by the rate of -MnO 2 deposition, oxidizing power (which determines Mn 3þ species population) and inherent stability of Mn 3þ species at oxide/electrolyte interface. Concentrations of molybdate and tungstate ions and pH of deposition electrolyte were clearly pivotal in determining the deposition route, the fraction of Mn 3þ and subsequently the current efficiency of manganese deposition, and may affect the deposition mechanism.
Thermodynamically, reaction (9) cannot occur by deposition in acidic electrolyte of pH 2. Furthermore, the lifetime of soluble Mn 3þ intermediate species (i.e., [Mn(H 2 O) 6 ] 3þ ) is increased with the increase in the acidity of deposition electrolytes. 28, 29) This may put a greater dependence on disproportionation route, i.e. reaction (11) , to form Mn-Mo-W oxide deposits and lead to a decrease in Mn 3þ content in oxide deposit with the decrease in the pH of deposition electrolyte.
On the other hand, it has been known that the crystal defects, such as structural defect, cation vacancy and Mn 3þ species or foreign cations in the lattice of electrodeposited -MnO 2 provide additionally the source of active sites that beneficially enhance its performance in several electrochemical applications. 28) Thereupon, Ruetschi introduced cationic vacancy model in an attempt to explain the electrochemical performance of -MnO 2 in terms of cation vacancy and Mn 3þ species (i.e. positive charge deficiency) concentrations within hexagonal closed-packed framework ofMnO 2 . 20) He postulated that the positive charge deficiency is compensated by appropriate number of protons located on adjacent oxide ions. These protons constitute structural water within the matrix of -MnO 2 . The presence of a reasonable level of structural water would be beneficial to electrical conductivity, within the -MnO 2 structure due to lessening of hopping distance for protons and electrons to move through the structure. However, a higher level of structural water within the lattice might of course be detrimental to both conductivity and structural strength of the deposits. 23, 29, 30) Data in Table 1 In fact, there are many factors affecting electrode durability. Three kinds of cations manganese, molybdenum and tungsten are required to provide long durability for the electrode. Thickening of the deposits is necessary to some extent, at least for sufficient coverage of IrO 2 /Ti substrate, but the excess thickening due to an increase in the deposition efficiency is known to form deposits which are easily detached by violent oxygen evolution. The deposition electrolytes with higher pH, higher concentrations of Mn 2þ and W 6þ and lower concentration of Mo 6þ are typical examples for shorter lifetime mostly due to easy detachment of thicker deposits. Oxygen evolution reaction also occurred simultaneously with anodic deposition and became more vigorous with the decrease in the pH of deposition electrolyte. Under such vigorous oxygen evolution, oxides with poor adhesion to the substrate are likely to be detached during the deposition process and the oxides with better adhesion are able to stay on the electrode surface. In other words, a thinner deposit highly adherent to the substrate can be obtained by deposition in electrolyte of lower pH. Therefore, it is clear that the adhesion and oxygen evolution efficiency of the deposited oxides are significantly improved by depositing at low efficiencies under vigorous oxygen evolution, subject to the formation of the deposit thick enough to cover completely the IrO 2 /Ti substrate.
As has been seen in Fig. 11 , the electrical conductivities of Mn-Mo-W triple oxide anodes examined are different with the composition of the triple oxide, and the activities of the anodes examined for the oxygen evolution reaction are not largely different with composition, because the i À ÁE i relation shows the straight line starting from the origin of the i À ÁE coordinate. For the preparation of energy saving durable anode, composition of deposition electrolyte and time of deposition must be carefully determined considering the electrical conductivity, thickness and adhesiveness of the oxide formed, although it is difficult to enhance the activity of the Mn-Mo-W triple oxide anode by modification of composition.
Conclusions
Mn-Mo-W oxide anodes for oxygen evolution in seawater electrolysis were prepared by anodic deposition on the pretreated (4) W addition to Mn-Mo oxide electro-catalyst was particularly effective in reducing the applied potential for oxygen evolution reaction via increasing the electrical conductivity of deposits.
